We have studied the magnetic excitations of electron-doped Sr2−xLaxIrO4 (0 ≤ x ≤ 0.10) using resonant inelastic x-ray scattering (RIXS) at the Ir L3-edge. The long range magnetic order is rapidly lost with increasing x, but two-dimensional short-range order (SRO) and dispersive magnon excitations with nearly undiminished spectral weight persist well into the metallic part of the phase diagram. The magnons in the SRO phase are heavily damped and exhibit anisotropic softening. Their dispersions are well described by a pseudospin-1/2 Heisenberg model with exchange interactions whose spatial range increases with doping. We also find a doping-independent high-energy magnetic continuum, which is not described by this model. The spin-orbit excitons arising from the pseudospin-3/2 manifold of the Ir ions broaden substantially in the SRO phase, but remain largely separated from the low-energy magnons. Pseudospin-1/2 models are therefore a good starting point for the theoretical description of the low-energy magnetic dynamics of doped iridates. The notion of magnetically mediated high-temperature superconductivity has motivated an extensive search for new materials that realize two-dimensional quantum antiferromagnets akin to those in the undoped cuprates and iron pnictides. The antiferromagnetic Mott insulator Sr 2 IrO 4 has emerged as a particularly promising candidate, because it is isostructural to La 2 CuO 4 , the progenitor of one of the most prominent families of superconducting cuprates, and it exhibits a closely analogous electronic structure. The Mott-insulating state in Sr 2 IrO 4 is driven by the combination of intra-atomic spin-orbit coupling and electronic correlations ("spin-orbit Mott insulator"). Its magnetic ground state and low-energy magnetic excitations are well described by the pseudospin j eff =1/2 states arising from the spin-orbit coupled spin and orbital angular momenta of the iridium ions [12, 13] . The pseudospins decorate a square lattice, and their interactions are well described by a Heisenberg model [14] akin to the spin-1/2 Hamiltonian describing the magnetic dynamics of La 2 CuO 4 [15].
We have studied the magnetic excitations of electron-doped Sr2−xLaxIrO4 (0 ≤ x ≤ 0.10) using resonant inelastic x-ray scattering (RIXS) at the Ir L3-edge. The long range magnetic order is rapidly lost with increasing x, but two-dimensional short-range order (SRO) and dispersive magnon excitations with nearly undiminished spectral weight persist well into the metallic part of the phase diagram. The magnons in the SRO phase are heavily damped and exhibit anisotropic softening. Their dispersions are well described by a pseudospin-1/2 Heisenberg model with exchange interactions whose spatial range increases with doping. We also find a doping-independent high-energy magnetic continuum, which is not described by this model. The spin-orbit excitons arising from the pseudospin-3/2 manifold of the Ir ions broaden substantially in the SRO phase, but remain largely separated from the low-energy magnons. Pseudospin-1/2 models are therefore a good starting point for the theoretical description of the low-energy magnetic dynamics of doped iridates. The proximity of two-dimensional antiferromagnetism and high-temperature superconductivity in copper oxides [1] and iron pnictides [2] suggest that both phases are intimately related. Neutron scattering [3, 4] and resonant inelastic x-ray scattering (RIXS) [5] experiments on both sets of materials [6] [7] [8] [9] [10] [11] have indeed revealed damped spin excitations in the superconducting regimes of the phase diagrams. In RIXS experiments, their dispersions and spectral weights are closely similar to those of magnons in the magnetically ordered parent compounds.
The notion of magnetically mediated high-temperature superconductivity has motivated an extensive search for new materials that realize two-dimensional quantum antiferromagnets akin to those in the undoped cuprates and iron pnictides. The antiferromagnetic Mott insulator Sr 2 IrO 4 has emerged as a particularly promising candidate, because it is isostructural to La 2 CuO 4 , the progenitor of one of the most prominent families of superconducting cuprates, and it exhibits a closely analogous electronic structure. The Mott-insulating state in Sr 2 IrO 4 is driven by the combination of intra-atomic spin-orbit coupling and electronic correlations ("spin-orbit Mott insulator"). Its magnetic ground state and low-energy magnetic excitations are well described by the pseudospin j eff =1/2 states arising from the spin-orbit coupled spin and orbital angular momenta of the iridium ions [12, 13] . The pseudospins decorate a square lattice, and their interactions are well described by a Heisenberg model [14] akin to the spin-1/2 Hamiltonian describing the magnetic dynamics of La 2 CuO 4 [15] .
These similarities are driving theoretical work predicting d-wave superconductivity in electron-doped Sr 2 IrO 4 [16] [17] [18] [19] .
Evidence supporting this prediction has emerged from angle-resolved photoemission spectroscopy (ARPES) measurements on electron-doped Sr 2 IrO 4 surfaces, doped by charge transfer from a monolayer of adatoms. The Fermi surface of the surface electron system is split up into disjointed segments ("Fermi arcs") [20] and exhibits a gap with d-wave symmetry at low temperature [21, 22] -features that are hallmarks of dwave superconductivity in the hole-doped cuprates [1] . These results have also been partially reproduced in Sr 2−x La x IrO 4 [25] , although impurity-driven disorder [23] and oxygen vacancies [24] have been an impediment to the progress in bulk, chemically-doped counterpart.
Despite these encouraging results, it is still unclear whether the magnetic correlations are as robust against carrier doping in Sr 2 IrO 4 as they are in the cuprates. In particular, the on-site Coulomb repulsion is relatively weak in Sr 2 IrO 4 , resulting in a small charge gap (∼ 0.4 eV [26] ) which is comparable to the magnon bandwidth [14] . Recent Raman experiments have also revealed a strong pseudospin-lattice coupling in Sr 2 IrO 4 , indicating unquenched orbital dynamics that is quite unusual for a Mott insulator [27] . These observations indicate a complex interplay between pseudospin, charge, and lattice degrees of freedom. All of these variables are expected to be sensitive to chemical doping, highlighting the need for a systematic study on how the magnetic correlations evolve in electron-doped Sr 2 IrO 4 . Here we report a systematic investigation of the doping evolution of the magnetic structure and magnetic excitations in Sr 2−x La x IrO 4 (x=0, 0.015, 0.04, and 0.10) by Ir L 3 -edge RIXS. Our results show that antiferromagnetic long-range order (LRO) is rapidly lost upon electron doping (0.015<x c ≤0.04), followed by persistent twodimensional short-range order (SRO) deep in the metallic phase of Sr 2−x La x IrO 4 . We report a detailed description of the low-energy magnon and high-energy spin-orbit exciton in the SRO phase, which provides an excellent basis for the theoretical description of the electronic properties of the doped iridates.
The RIXS experiments were carried out at the European Synchrotron Radiation Facility using the ID20 beamline. A spherical (2 m radius) diced Si(844) analyzer with a 60 mm mask and a Si(844) secondary monochromator were used to obtain an overall energy resolution of ∼ 25 meV (full width at half maximum) and an in-plane momentum resolution of ∼ 0.035 reciprocal lattice units. (The momentum transfer Q= (H, K, L) is quoted in terms of reciprocal vector π/(a, b, c) where a ≈ b ≈ 3.88Å (undistorted unit cell) and c ≈ 25.8Å are the lattice parameters. In-plane crystal momenta q are quoted in square-lattice notation with unit lattice constant.) ARPES measurements were performed at Beamline 4.0.3 at the Advanced Light Source. The energy of the incident light was hν=90 eV and overall energy resolution of ∼ 25 meV was achieved. Single crystals of La-doped Sr 2 IrO 4 were grown by the flux method, previously described in detail [24] . The La concentrations were checked via electron probe micro-analysis.
The physical properties of Sr 2 IrO 4 are very sensitive to the doping level and to the crystal growth conditions [23, 24, 28] . We have therefore carefully characterized all samples using susceptibility and resonant x-ray diffraction measurements. Fig. 1(a) shows the phase diagram derived from our magnetization measurements (see Supplemental Material (SM) in Ref. [42] ). In crystals with x = 0 and 0.015, the long range magnetic order (LRO) [13] sets in around T N = 240 K and 230 K, respectively, while no signature of such order is found in both x = 0.04 and 0.10, indicating a doping-induced transition into a paramagnetic state. This observation is confirmed by monitoring the antiferromagnetic Bragg peaks, which are visible in the elastic scattering channel of the RIXS spectra for Q M = (0.5 0.5 L even ) (Fig. 1 (b) ). Whereas in the x = 0 and 0.015 crystals the magnetic Bragg peaks are sharp and narrow along the HH-directions, the elastic magnetic response of the x = 0.04 and x = 0.10 samples becomes extremely broad along the HH-direction and no correlation are observed along the L-direction (see SM in Ref.
[42]), implying two-dimensional (2D) magnetic short-range order. By fitting the profiles to 2D Lorentzians, we determined the in-plane correlation lengths ξ = 10Å and 8Å for x = 0.04 and x = 0.10, respectively [29] . We also note that the 2D magnetic correlations persist to high temperature (ξ ∼ 5Å for x = 0.10 at T = 300 K), consistent with the large inplane exchange coupling determined by RIXS and Raman scattering [14, 27] .
The rapid suppression of magnetic LRO in electrondoped Sr 2−x La x IrO 4 (see Figure 1 (a)) agrees with neutron diffraction results from Ref. 23 and parallels the behavior in hole-doped cuprates (such as La 2−x Sr x CuO 4 ), where the LRO is quenched for x ∼ 0.02 [31] . In the electron-doped cuprates, on the other hand, LRO survives well above 0.1 electrons per Cu [32] . This supports the analogy between electron doping in the iridates and hole doping in the cuprates proposed on the basis of the opposite signs of the next-nearest-neighbor hopping amplitudes in the two sets of materials [16] .
Having studied the static magnetic properties, we now turn to the evolution of the magnetic excitations in Sr 2−x La x IrO 4 across the transition between LRO and SRO phases. Figure 2 (a,b) displays color maps of RIXS spectra (x=0 and x=0.10) taken at T = 20 K along high-symmetry directions of reciprocal space. In agreement with prior work on the undoped compound [14] , the data show a highly dispersive magnon excitation emanating from the antiferromagnetic ordering vector and extending up to about 0.2 eV. Our new data on the highest doped compound shows that magnon excitations (paramagnons) with closely similar dispersion and nearly undiminished spectral weight persist deep into the phase diagram of Sr 2−x La x IrO 4 . The magnetic dynamics in the doped iridates are thus strongly reminiscent of those in the hole-doped layered cuprates, where paramagnon excitations akin to the spin waves of antiferromagnetic La 2 CuO 4 were found deeply in the metallic and superconducting regimes of the phase diagram [6, 7] .
To emphasize the importance of our findings, we show in Fig. 3 (a) an ARPES intensity map in the x=0.10 sample, taken at T = 10 K and at the Fermi level energy (E F ). Despite the detection of well-defined paramagnons in the x=0.10 sample a clear Fermi surface (FS) is apparent, indicating that the sample is deep in the metallic phase [30] . The dispersive charge excitation, crossing E F , can be seen in more detail in 3 (b) where we plot the binding energy as a function of momentum (taken along the dashed horizontal line in (a)). In a previous report [25] , it has been shown that this band is gapped near (π, 0), making it a "Fermi arc" instead of a usual FS. Investigating how the magnetic correlations can coexist with a FS (i.e. system with Fermi-Dirac statistics), similar to the case in optimally hole-doped cuprates, is a question that should be addressed. One possible explanation for this discrepancy could be electronic phase separation on a macroscopic scale. This would give rise to a RIXS spectrum that looks like a superposition of metallic and insulating parts which is not supported by our data (e.g. Fig. 2(f) shows no hint of parent phase in the x=0.10 sample). Microscopic phase separation, as seen in STM measurements on metallic Sr 2−x La x IrO 4 [23] , can however not be excluded.
To gain more insight into the magnetic excitations it is important to look systematically at how the RIXS spec- dition to becoming broader. The observed anisotropic magnetic softening along (0, 0) → (π, π) direction is in stark contrast to the hardening of the magnon in electron-doped cuprates but resembles results seen in the metallic Bi-based cuprates [33, 34] . This strengthens the analogy between electron-doped iridates and hole-doped cuprates already pointed out above.
To quantify the doping dependence of the magnon (or paramagnon) dispersion relations, we have tracked the peak positions in the RIXS spectra as a function of momentum (e.g. red triangles in Fig. 2(d-h) ). The resulting dispersions are plotted in Fig. 4 . The error bars were determined by selecting the energy interval in which the measured intensity is within 95% of the maximum intensity, following a recent RIXS study of a doped cuprate [35] . Whereas elastic and inelastic contributions could be reliably separated in most of the spectra, the magnon peak positions for q=(0, 0) and q=(π, π) could not be accurately determined due to the low intensity of the magnetic signal and the strong elastic line, respectively. These q-points were therefore not included in the dispersions in Fig. 4 .
To obtain the doping dependent magnetic interactions, we have fitted the magnon dispersions obtained in this way by a Heisenberg model with exchange interactions between first, second, and third nearest neighbors in the IrO 2 planes, termed J, J , J . For the x = 0 and x = 0.015 samples, we obtain J = 60 meV, J = −20 meV, and J = 15 meV, in excellent agreement with prior work on undoped Sr 2 IrO 4 (solid lines in Fig. 4 ) [14] . To describe the anisotropic softening of the magnon dispersion in the x = 0.04 and 0.10 samples noted above, the fit parameters were altered to J = 48 meV, J = −27 meV, and J = 20 meV (dashed lines in Fig. 4) ; here, the ratio between J and J was fixed in order to reduce the free parameters. Doping Sr 2 IrO 4 with electrons thus reduces the nearest-neighbor exchange interaction by ∼ 20%, while enhancing the longer-range interactions by ∼ 30%. This finding is in general accord with expectations for magnetic interactions in itinerant-electron systems, and it will guide future theoretical work on electronic correlations in doped iridates.
The intensity maps in Fig. 2(a,b) and constantmomentum cuts in Fig. 2(d-h ) highlight yet another intriguing feature of this 2D quantum magnet. By looking at the doping dependence at (π/2, π/2), it becomes clear that the magnetic excitation has two components: the sharp mode discussed above which reacts strongly to electron-doping, and a high-energy tail which retains its intensity upon doping (e.g. Fig. 2(c) ). This momentum dependent high-energy tail is bounded at low energies by the magnon dispersion, and at high energies by the dashed black line in Fig. 2(a,b) . The same behavior is also evident along the Brillouin zone border (e.g. Fig. 2(e) ). One explanation for this marked departure in doping behavior between the single-magnon and the high-energy tail is that the latter arises from spinon-like excitations not directly associated with the Néel-ordered state. Indeed, in the cuprates, the spinon-picture [36] has been evoked to explain the strong damping of the magnon at (π, 0) [37] and the pronounced asymmetrical line shape of the two-magnon Raman scattering [38, 39] . The latter was recently also observed in Sr 2 IrO 4 [27] . Although this analogy and explanation are intriguing, further measurements, targeting the polarization dependence of the signal [40] are required to determine the origin of the high-energy magnetic tail in Sr 2 IrO 4 .
For excitation energies above the optical gap (> 0.4 eV), we find a dispersive spin-orbit exciton mode arising from the j eff =3/2 pseudospin manifold [14, 26] . In the parent compound, this feature comprises a sharp excitation near the optical gap (marked B in Fig. 2(c) ) followed by incoherent higher-energy excitations (marked C). As pointed out in Ref. 41 , the broadening of feature C may be due to overlap with the particle-hole continuum. Upon La-doping, the dispersion of the spin-orbit excitons (B+C) becomes less pronounced, and the sharp feature B disappears. At (π/2, π/2), in particular, feature B is drastically suppressed upon doping, while C loses intensity. The strong damping of the spin-orbit exciton can be attributed to a lowering of the particle-hole continuum threshold as the system becomes metallic.
In summary, our systematic RIXS measurements of electron-doped Sr 2−x La x IrO 4 have uncovered persistent short-range magnetic order deep in the metallic phase of Sr 2−x La x IrO 4 accompanied by dispersive magnetic excitations (paramagnons) of nearly undiminished spectral weight. Both the persistence of magnon-like excitations upon doping and their anisotropic softening indicate an intriguing analogy between electron-doped iridates and hole-doped cuprates. The low-energy magnon dispersions are well described by a j eff =1/2 Heisenberg model with exchange interactions whose spatial range increases with increasing doping. A doping independent highenergy magnetic continuum has also been found, suggest-ing that the ground state of Sr 2 IrO 4 contains additional short-range correlations not captured by the Heisenberg model. Finally, the j eff =3/2 spin-orbit exciton broadens and becomes less dispersive with increasing doping, but the overlap with the low-energy paramagnon branch remains small. Models based on j eff =1/2 pseudospins therefore appear to be a good starting point for the theoretical description of the electronic structure and for a realistic assessment of the prospects for unconventional superconductivity in doped iridates.
Note added : Damped magnon and anisotropic softening have recently also been observed by Xuerong Liu and collaborators in La-doped Sr 2 IrO 4 [43] .
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